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T. Aaltonen,22 B. Álvarez Gonzálezv,10 S. Amerio,42 D. Amidei,33 A. Anastassov,37 A. Annovi,18 J. Antos,13

G. Apollinari,16 J.A. Appel,16 A. Apresyan,47 T. Arisawa,56 A. Artikov,14 J. Asaadi,52 W. Ashmanskas,16

B. Auerbach,59 A. Aurisano,52 F. Azfar,41 W. Badgett,16 A. Barbaro-Galtieri,27 V.E. Barnes,47 B.A. Barnett,24

P. Barriaee,45 P. Bartos,13 M. Baucecc,42 G. Bauer,31 F. Bedeschi,45 D. Beecher,29 S. Behari,24 G. Bellettinidd,45

J. Bellinger,58 D. Benjamin,15 A. Beretvas,16 A. Bhatti,49 M. Binkley∗,16 D. Bisellocc,42 I. Bizjakii,29 K.R. Bland,5

C. Blocker,7 B. Blumenfeld,24 A. Bocci,15 A. Bodek,48 D. Bortoletto,47 J. Boudreau,46 A. Boveia,12 B. Braua,16

L. Brigliadoribb,6 A. Brisuda,13 C. Bromberg,34 E. Brucken,22 M. Bucciantoniodd,45 J. Budagov,14 H.S. Budd,48

S. Budd,23 K. Burkett,16 G. Busettocc,42 P. Bussey,20 A. Buzatu,32 S. Cabrerax,15 C. Calancha,30 S. Camarda,4

M. Campanelli,34 M. Campbell,33 F. Canelli12,16 A. Canepa,44 B. Carls,23 D. Carlsmith,58 R. Carosi,45

S. Carrillok,17 S. Carron,16 B. Casal,10 M. Casarsa,16 A. Castrobb,6 P. Catastini,16 D. Cauz,53 V. Cavaliereee,45

M. Cavalli-Sforza,4 A. Cerrif ,27 L. Cerritoq,29 Y.C. Chen,1 M. Chertok,8 G. Chiarelli,45 G. Chlachidze,16

F. Chlebana,16 K. Cho,26 D. Chokheli,14 J.P. Chou,21 W.H. Chung,58 Y.S. Chung,48 C.I. Ciobanu,43

M.A. Ciocciee,45 A. Clark,19 D. Clark,7 G. Compostellacc,42 M.E. Convery,16 J. Conway,8 M.Corbo,43 M. Cordelli,18

C.A. Cox,8 D.J. Cox,8 F. Cresciolidd,45 C. Cuenca Almenar,59 J. Cuevasv,10 R. Culbertson,16 D. Dagenhart,16

N. d’Ascenzot,43 M. Datta,16 P. de Barbaro,48 S. De Cecco,50 G. De Lorenzo,4 M. Dell’Orsodd,45 C. Deluca,4

L. Demortier,49 J. Dengc,15 M. Deninno,6 F. Devoto,22 M. d’Erricocc,42 A. Di Cantodd,45 B. Di Ruzza,45

J.R. Dittmann,5 M. D’Onofrio,28 S. Donatidd,45 P. Dong,16 T. Dorigo,42 K. Ebina,56 A. Elagin,52 A. Eppig,33

R. Erbacher,8 D. Errede,23 S. Errede,23 N. Ershaidataa,43 R. Eusebi,52 H.C. Fang,27 S. Farrington,41 M. Feindt,25

J.P. Fernandez,30 C. Ferrazzaff ,45 R. Field,17 G. Flanaganr,47 R. Forrest,8 M.J. Frank,5 M. Franklin,21

J.C. Freeman,16 I. Furic,17 M. Gallinaro,49 J. Galyardt,11 J.E. Garcia,19 A.F. Garfinkel,47 P. Garosiee,45

H. Gerberich,23 E. Gerchtein,16 S. Giagugg,50 V. Giakoumopoulou,3 P. Giannetti,45 K. Gibson,46 C.M. Ginsburg,16

N. Giokaris,3 P. Giromini,18 M. Giunta,45 G. Giurgiu,24 V. Glagolev,14 D. Glenzinski,16 M. Gold,36 D. Goldin,52

N. Goldschmidt,17 A. Golossanov,16 G. Gomez,10 G. Gomez-Ceballos,31 M. Goncharov,31 O. González,30
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The flavor-changing neutral current process b → sℓℓ
occurs in the standard model (SM) through higher order
diagrams where new physics contributions could arise.
Accurate SM predictions make the b→ sℓℓ phenomenol-
ogy suited to uncover early indications of new physics [1–
3], especially through observables like the lepton forward-
backward asymmetry (AFB) and the differential branch-
ing fraction (BR) as a function of dilepton massMℓℓ. The
b→ sℓℓ amplitudes can be described in terms of short dis-
tance operators and effective Wilson coefficients C7,9,10.
Some new physics models [1] allow the flipped sign of C7.
This results in the opposite sign of AFB in the small q2

region (q2 ≡M2
ℓℓc

2). Recently, BaBar and Belle [4] mea-
sured an AFB in the B0 → K∗0ℓ+ℓ− decay larger than
the SM expectation. The decay B0

s → φ(1020)µ+µ− has
not been seen in previous searches by CDF [5] and D0 [6].

In this Letter we report an update of our previous
analysis [5] of the rare decay modes B+ → K+µ+µ−,
B0 → K∗0µ+µ−, and B0

s → φµ+µ− using an increased
data sample of pp̄ collisions at a center-of-mass energy
of

√
s = 1.96 TeV corresponding to an integrated lumi-

nosity of 4.4 fb−1, collected with the CDF II detector
between March 2002 and January 2009. We update the
BR measurements and also report the measurement of
AFB in the B0 → K∗0µ+µ− decay.

We reconstruct B → hµ+µ− candidates, where B
stands for B+, B0, or B0

s , and h stands for K+, K∗0, or
φ, respectively. Charge-conjugation is implied through-
out the Letter. The K∗0 (φ) meson is reconstructed in
the decay K∗0 → K+π− (φ → K+K−). We also recon-
struct B → J/ψh decays as normalization channels in
BR measurements, because they have final states identi-
cal to those of the signals, resulting in a cancellation of
many systematic uncertainties. The relative BR’s are:

BR(B → hµ+µ−)

BR(B → J/ψh)
=
Nhµ+µ−

NJ/ψh

εJ/ψh
εhµ+µ−

×BR(J/ψ → µ+µ−),

(1)
where Nhµ+µ− (NJ/ψh) is the B → hµ+µ− (B → J/ψh)
yield, and εhµ+µ−/εJ/ψh is the relative reconstruction ef-
ficiency determined from the simulation.

The CDF II detector is described in detail in Ref. [7]
with the detector subsystems relevant for this analysis
discussed in Ref. [8].

A sample of dimuon events is selected by the on-
line trigger system. The trigger requires two opposite
charged particles with transverse momentum pT ≥ 1.5 or
2.0GeV/c depending on the trigger condition, matched
to the muon chambers. We use the muon chambers de-
tect muons within |η| < 0.6 and 0.6 < |η| < 1.0 [9].

Virginia, Charlottesville, VA 22906, aaYarmouk University, Irbid
211-63, Jordan, iiOn leave from J. Stefan Institute, Ljubljana,
Slovenia,

The trigger also requires Lxy > 200 µm, where Lxy is
the transverse displacement of their intersection from the
beamline. The detail of the trigger system and selection
requirements can be found in Ref. [5].

The offline loose event selection begins by looking
for a common vertex of two trigger muons with one
(two opposite-charge) reconstructed charged particle(s)
to form a B+ → K+µ+µ− (a B0 → K∗0µ+µ− or a
B0
s → φµ+µ− ) candidate. The probability of the ver-

tex fit χ2 is required to be greater than 10−3. All
charged particle trajectories are required to be associ-
ated with hits in the silicon vertex detector and to
have pT ≥ 0.4GeV/c. In addition, we require
pT (h) ≥ 1.0GeV/c and pT (B) ≥ 4.0GeV/c. We require
that the B candidate’s decay is consistent with being dis-
placed from the primary interaction point in the trans-
verse plane by Lxy(B)/σ(Lxy(B)) ≥ 3, and σ(Lxy(B))
is the estimated uncertainty of Lxy(B). We also require
that the B candidate comes from the primary vertex by
|d0(B)| ≤ 120 µm, where d0(B) is the distance of closest
approach of the B trajectory to the beamline.

For B0 (B0
s ) candidates the K+π− (K+K−) mass

must lie within 50 (10)MeV/c2 of the world averageK∗0

(φ) mass [10]. The ambiguity of the mass assignment in
the K∗0 → K+π− decay is handled by choosing the com-
bination with the K+π− mass closer to the known K∗0

mass. This results in the correct mass assignments for
about 92% of the decays as determined from the simula-
tion. Particle identification is performed with the time-
of-flight and the ionization energy loss (dE/dx) probabil-
ities of the particle hypothesis. We require loose parti-
cle identification for both kaons and pions coming from
the K∗0 meson or φ meson to reduce combinatorial back-
ground. This removes 15% of the B mass sideband events
while 99.5% of the signal is retained. We also require a
muon likelihood [11] to suppress hadron tracks that pro-
duce false trigger muons.

Rare decay candidates with a dimuon mass near
the J/ψ (ψ′) are rejected: 8.68 (12.86) < q2 <
10.09 (14.18) GeV2/c2. To eliminate the radiative
charmonium decays that escaped rejection above, we
remove candidates consistent with originating from
a B → J/ψ(′)h decay followed by the decay
of the J/ψ(′) into two muons and a photon:
|(M(µµh)−MPDG

B )−(M(µµ)−MPDG
J/ψ(′))| < 100MeV/c2,

where the PDG superscript indicates known experimen-
tal averages [10] and M(µµ) < MPDG

J/ψ(′). We also reject
candidates if an opposite sign hadron-muon combination
of the daughters, assigned the muon mass, satisfy J/ψ
or ψ′ mass within 40MeV/c2. This removes charmo-
nium decays where one of the muons is misidentified as a
hadron. We reject candidates in which two (three) track
combinations are compatible within ±25MeV/c2 with
D0 → K−π+ (D+ → K−π+π+ or D+

s → K+K−π+)
decays for B+, B0, and B0

s decays, respectively. This
removes B → Dπ (D = D0, D+, and D+

s ) decays where
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two hadrons are misidentified as muons.

We train an Artificial Neural Network (NN) classifier
on simulated signal and a sample of events representative
of the background events in the signal region. To simu-
late the signal we use pythia and EvtGen [12] based
on the SM expectation [1]. The background sample is
obtained from the sidebands of the B invariant mass dis-
tribution. We take only the higher mass sideband for the
B+ and B0 decays since the lower sideband is populated
with physics background from partially reconstructed B
meson decays. We use both sidebands for B0

s decays. We
use 7–10 observables based on B and daughter’s kine-
matics (e.g. pT and mass), vertex qualities, and muon
likelihoods. We optimize the NN threshold in order to
maximize both the BR and the AFB significance. For
the B+ and B0 analysis we optimize the NN threshold
by maximizing Ns/

√
Ns +Nb, where Ns (Nb) is the ex-

pected number of signal (background) events. We deter-
mine Ns by Eq. (1) with the world average BR and NN
cut efficiency of the simulated signal events, and deter-
mine Nb from the number of sideband events scaled to
the signal region, which is defined as ±2σ from the world
average B mass, and NN cut efficiency of the sideband
events. For B0

s decays, Ns is taken from a theoretical
prediction [13]. We maximize Ns/(5/2 +

√
Nb) [14].

The signal yield is obtained by an unbinned max-
imum log-likelihood fit to the B candidate invari-
ant mass distribution. The likelihood is given by
L =

∏

(fsigPsig + (1 − fsig)Pbg), where fsig is the sig-
nal fraction, Psig is the signal probability density func-
tions (PDF) parametrized with two Gaussian distribu-
tions with different means, and Pbg is the background
PDF modeled with a first- or second-order polynomial.
The signal PDF’s are determined from the simulated sig-
nal and the B mass resolution is scaled by the ratio of
the mass resolution in J/ψh data and simulation, which
ranges from 1.07 to 1.09. The background PDF’s are
determined from sideband data. Fitted parameters are
fsig, the mean B mass, and the background shape. The
fit range for B+ and B0 (B0

s ) decays is from 5.18 (5.00)
to 5.70GeV/c2, to avoid the region dominated by the
physics background.

While the contribution from charmless B decays
is negligible due to the muon identification, we find
a sizeable crosstalk between B0 → K∗0µ+µ− and
B0
s → φµ+µ− contributing approximately 1% of the sig-

nal, as estimated from simulation. These contributions,
whose fractions are determined by simulation assuming
the world average BR and the theoretical prediction [13],
are subtracted from the fit results for the signal yields.

By optimized NN threshold we reject 99.5–99.8% of
background events in the signal region. Figure 1 shows
the B mass distributions. The statistical significance is
s ≡

√

−2 ln(Lnull/Lmax), where Lmax is obtained from a
fit with the signal fraction free to float and the mean B
meson mass fixed to the fitted value in the corresponding
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FIG. 1: Mass of B0 → K∗0µ+µ− and B0
s → φµ+µ− can-

didates with fit results overlaid. The vertical lines show the
signal region.

normalization channel, and Lnull is the maximum likeli-
hood obtained from a fit with fsig = 0. Systematic un-
certainty is not considered in the significance evaluation.
We obtain s = 8.5σ, 9.7σ, and 6.3σ for B+, B0, and
B0
s decays, respectively. The observed yields are listed in

Table I. This is the first observation of the B0
s → φµ+µ−

mode.

TABLE I: Summary of observed yields. The numbers in
parentheses are the number of events in the signal region.

Mode Nhµ+µ− NJ/ψh εhµ+µ−/εJ/ψh
B+ 121 ± 16 (218) 43704 ± 245 (55296) 0.434 ± 0.006
B0 101 ± 12 (140) 15815 ± 178 (22952) 0.477 ± 0.009
B0
s 27± 6 (40) 2930± 64 (3883) 0.498 ± 0.012

We do not apply a NN selection to J/ψh channels, be-
cause these signals are of sufficient size and purity with
the loose selection. To obtain the relative efficiency of
Eq. (1), the NN cut efficiency of the loosely selected
events is considered in addition to the relative efficiency
of the loose selection.
The dominant source of systematic uncertainty for

each BR measurement is the background PDF param-
eterization (3.9%) for B+, the discrepancy of the NN cut
efficiency between data and simulation (4.8%) for B0,
and particle identification (3.5%) for B0

s . For the abso-
lute BR measurements we assign the uncertainties of the
world average BR(B → J/ψh) [10].
Results of the relative BR (Eq. (1)) measurements are

listed in Table II. The BR statistical uncertainties in-
clude the Poisson term from finite statistics of the sam-
ple. We also show the absolute BR which is obtained by
replacing the normalization channel’s BR with the corre-
sponding world average [10] value.
These numbers are consistent with our previous re-

sults [5], B-factory measurements [4, 15], and theoretical
expectations [13]. We also measure differential BRs with
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TABLE II: Measured branching fractions of rare modes. First
(second) uncertainty is statistical (systematic).

Mode Relative BR(10−3) Absolute BR(10−6)
B+ → K+µ+µ− 0.38 ± 0.05± 0.02 0.38± 0.05 ± 0.03
B0 → K∗0µ+µ− 0.80 ± 0.10± 0.06 1.06± 0.14 ± 0.09
B0
s → φµ+µ− 1.11 ± 0.25± 0.09 1.44± 0.33 ± 0.46

respect to the dimuon mass. Events in the signal mass
region are grouped into independent q2 bins. Figure 2
(a, b) shows the differential BR for B+ → K+µ+µ− and
B0 → K∗0µ+µ−.
The AFB and the K∗0 longitudinal polarization frac-

tion (FL) are extracted by an unbinned likelihood fit to
the cos θµ and cos θK distributions, respectively, where
θµ is the angle between the µ+ (µ−) direction and the
direction opposite to the B (B) meson in the dimuon
restframe, and θK is the angle between the kaon direc-
tion and the direction opposite to the B meson in theK∗0

rest frame. The differential decay rates [2] are sensitive
to cos θK and cos θµ through the angular distributions
given by 3

2FL cos
2 θK + 3

4 (1− FL)(1− cos2 θK) for cos θK
and 3

4FL(1−cos2 θµ)+
3
8 (1−FL)(1+cos2 θµ)+AFB cos θµ

for cos θµ. We measure FL and AFB for B0 → K∗0µ+µ−

and also AFB for B+ → K+µ+µ−. Angular acceptances
are obtained from simulated signal samples assuming un-
polarized decays.
The contribution from decays with K-π swapped K∗0

mesons distorts the signal distribution and swaps the sign
of cos θµ. This effect is considered by adding an addi-
tional signal-like term to the likelihood function. The
contribution from decays with non-resonant K-π is con-
sidered to be small [2] and neglected in the fit. For the
B+ decay, we set FL = 1 and consider no scalar term [3].
The combinatorial background PDF shape is taken

from the B mass upper sideband that is used for the
NN training. In the fit to cos θK (cos θµ) distribution,
the only free parameter is FL (AFB). For the cos θµ fit,
the value of FL is fixed to the cos θK fit result.
Most dominant source of systematic uncertainty for

each angular fit is the fit bias near the physical bound-
ary (0.02-0.07) for FL in B0, the uncertainty of the FL fit
(0.02–0.12) for AFB in B0, and the angular background
shape (0.01–0.07) for AFB in B+. The total systematic
uncertainties lie in the range 0.02–0.08 for FL in B0, 0.05–
0.25 for AFB in B0, and 0.02–0.08 for AFB in B+. The an-
gular fit results are shown in Fig. 2 (c, d) and summarized
in Table III. Results in the range 0 ≤ q2 < 4.3GeV2/c2

and 1 ≤ q2 < 6GeV2/c2 are also included.
In summary, we have updated our previous analysis

of the flavor-changing neutral current decays b → sµµ
using data corresponding to an integrated luminosity
of 4.4 fb−1. We report the first observation of the
B0
s → φµ+µ−, the most rare B0

s decay observed to
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FIG. 2: Differential BR of B+ → K+µ+µ− (a) and dif-
ferential BR (b), longitudinal K∗0 polarization fraction (c),
and forward-backward asymmetry (d) of B0 → K∗0µ+µ−,
as a function of squared dimuon mass. Points are the fit re-
sult. The solid curves are the SM expectation [1]. Two solid
curves in (a, b) use maximum- and minimum- allowed form
factors on differential BR plots. The dotted curves are the
C7 = −CSM

7 expectation. The dashed line is the averaged
expectation in each squared dimuon mass bin and hatched
regions are charmonium veto regions.

date, and measure the total BR. We measure the to-
tal BR, differential BR, AFB of the B+ → K+µ+µ− and
B0 → K∗0µ+µ−, with respect to q2. We also measure FL

of B0 → K∗0µ+µ− prior to AFB. These are consistent
and competitive with the other current best results. At
present there is no evidence of discrepancy from the SM
prediction.
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TABLE III: Summary of B0 → K∗0µ+µ− and B+ → K+µ+µ− fit results. Maximum q2 is 19.30 (23.00) GeV2/c2 for B0 (B+).

q2 (GeV2/c2) BR(B0) (10−7) FL(B
0) AFB(B

0) BR(B+) (10−7) AFB(B
+)

[0.00, 2.00) 0.98 ± 0.40 ± 0.09 0.53+0.32
−0.34 ± 0.07 0.13+1.65

−0.75 ± 0.25 0.38 ± 0.16± 0.03 −0.15+0.46
−0.39 ± 0.08

[2.00, 4.30) 1.00 ± 0.38 ± 0.09 0.40+0.32
−0.33 ± 0.08 0.19+0.40

−0.41 ± 0.14 0.58 ± 0.19± 0.04 0.72+0.40
−0.35 ± 0.07

[4.30, 8.68) 1.69 ± 0.57 ± 0.15 0.82+0.19
−0.23 ± 0.07 −0.06+0.30

−0.28 ± 0.05 0.93 ± 0.25± 0.06 −0.20+0.17
−0.28 ± 0.03

[10.09, 12.86) 1.97 ± 0.47 ± 0.17 0.31+0.19
−0.18 ± 0.02 0.66+0.23

−0.20 ± 0.07 0.72 ± 0.17± 0.05 −0.10+0.17
−0.15 ± 0.07

[14.18, 16.00) 1.51 ± 0.36 ± 0.13 0.55+0.17
−0.18 ± 0.02 0.42+0.16

−0.16 ± 0.09 0.38 ± 0.12± 0.03 0.03+0.49
−0.16 ± 0.04

[16.00, 19.30(23.00)) 1.35 ± 0.37 ± 0.12 0.09+0.18
−0.14 ± 0.03 0.70+0.16

−0.25 ± 0.10 0.35 ± 0.13± 0.02 0.07+0.30
−0.23 ± 0.02

[0.00, 4.30) 1.98 ± 0.55 ± 0.18 0.47+0.23
−0.24 ± 0.03 0.21+0.31

−0.33 ± 0.05 0.96 ± 0.25± 0.06 0.36+0.24
−0.26 ± 0.06

[1.00, 6.00) 1.60 ± 0.54 ± 0.14 0.50+0.27
−0.30 ± 0.03 0.43+0.36

−0.37 ± 0.06 1.01 ± 0.26± 0.07 0.08+0.27
−0.22 ± 0.07
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